Water flux through excised roots (Jr) is determined by root hydraulic conductance (Lp) and the ion flux to the xylem (Ji) that generates an osmotic gradient to drive water movement. These properties of roots are strongly temperature dependent. Abscisic acid (ABA) can influence J, by altering Lp, J,, or both. The effects of root temperature on responses to ABA were determined in two species differing in their temperature tolerances. In excised barley (Hordeum vulgare L.) roots, J, was maximum at 25°C; 10 micromolar ABA enhanced Jv, primarily by increasing Lp, at all temperatures tested (15-400C). In sorghum (Sorghum bicolor L.) roots, Jv peaked at 35°C; ABA reduced this optimum temperature for Jv to 25°C by increasing Lp at low temperatures and severely inhibiting Ji (dominated by fluxes of K+ and NO3-) at warm temperatures. The inhibition of K+ flux by ABA at high temperature was mostly independent of external K+ availability, implying an effect of ABA on ion release into the xylem. In sorghum, ABA enhanced water flux through roots at nonchilling low temperatures but at the expense of tolerance of warm temperatures. These effects imply that ABA may shift the thermal tolerance range of roots of this heat-tolerant species toward cooler temperatures.
It has long been recognized that root Lp3 can significantly restrict water flow through plants (25) . Alone or in combination, many environmental stresses such as chilling (16) , hypoxia (9), or nutrient deficiency (22, 23) can further limit J,.
In the case of temperature stresses, the limitations have sometimes been ascribed to decreases in Lp (4, 17) , although Ji may also be important (1) . Effects of temperature are not limited to chilling temperatures: high temperatures and nonchilling cool temperatures can also produce profound effects (1) .
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ABA can alleviate some of the stress responses of roots (5, 14) . These observations have been interpreted to indicate that ABA promotes chilling stress tolerance of plants in the roots as well as in the shoot ( 14) . As with direct effects of temperature, the ABA responses have been ascribed to Lp (5, 7, 8) , Ji (10, 21) , or both. In addition, ABA can promote J, at nonchilling temperatures (3, 8, 13) .
Reported responses of roots to ABA have been extremely variable, and there is no widespread agreement that ABA promotes water flow through the roots (7-9, 13, 16, 21) . If ABA and root temperature act at the same site, however, one might predict interactions between the two factors on root hydraulic properties. The hypothesized ABA-temperature interactions may contribute to this variability, especially if studies are conducted under conditions of widely fluctuating diurnal root temperatures, as would occur with plants grown in containers in a diurnally cycling environment (3, 7) .
The hypothesis of ABA-root temperature interactions was tested using excised roots of two species, barley (Hordeum vulgare L.) and sorghum (Sorghum bicolor L.), which differ widely in their temperature adaptation (1) . Our earlier studies (1) showed that water transport properties of excised roots resemble those of roots of intact plants over a wide range of temperatures. Therefore, they were chosen as a suitable model system to study ABA effects.
MATERIALS AND METHODS
Seeds of barley (Hordeum vulgare L. cv Arivat) and sorghum (Sorghum bicolor L. cv Funks) were germinated in moist vermiculite and transferred to continuously aerated nutrient solutions at 4 and 6 d of age, respectively. The nutrient solution was a half-strength Hoagland solution; in one experiment it was modified to exclude K+ (1). After transfer, the seedlings were grown at 25 ± 2°C with 13 h of daily light (250-300 ,umol m-2 s-' PPFD). Shoots of barley at 5 d and sorghum at 8 d after germination were excised at about 0.5 cm above the meristem located near the base of the leaf, and the stump was fitted with capillary tubes as described earlier (1) . Roots were placed in constant-temperature nutrient solutions, and exudate volume was measured as the 0.5 change in the level of fluid in the capillary tubes. Lp was calculated from: Jv = a Lp (r, -) (1) where a is the reflection coefficient, 7r, is the osmotic pressure ofthe xylem sap, and ir0 is the osmotic pressure ofthe external medium. The membrane reflection coefficient was assumed to be unity. Earlier experiments (1) in which excised roots and roots of intact plants were compared provided justification for this assumption. Osmotic pressures of the sap and nutrient solutions were determined with a vapor pressure osmometer (Wescor model 5500). RS-ABA (Calbiochem) was dissolved in a small volume of 95% ethanol and added to nutrient solutions to a final concentration of 10 ,uM. Similar amounts of ethanol were added to solutions without ABA. All data reported here were collected between 4 and 5 h after addition of the ABA, after J, had reached a steady state but before it began to slow as a result of excision itself. Concentrations of NO3-and K+ were determined by ion chromatography and atomic absorption, respectively, and they were used to calculate ion fluxes from:
where ci is the ion concentration in the xylem sap. 
RESULTS
Root properties responded strongly to temperature, but the responses differed between the two species. In barley roots, J, was maximum at 25°C (Fig. 1 ). At this temperature or below, changes in J, were related mostly to L,. Above 25°C, however, Lp did not limit Jv, because Lp remained high even though J, declined ( Fig. 1, inset) . At the higher temperature, ion transport was severely limiting (Table I) .
In sorghum roots, J, was greatest at 35°C (Fig. 2) . In this species, increasing temperature affected J, and Lp in parallel both below and above the optimum 35°C. Decreasing the temperature from 35 to 20°C inhibited J, and Lp by about 60% (Fig. 2) . Both JK and JNO3 were similarly inhibited, but [K+] and [NO3] were essentially unchanged (Table II) . These two ions dominate in determining J1 (1). For both barley and sorghum, the results closely resemble those reported earlier (1) .
Application of ABA increased J, of barley roots at all temperatures tested (Fig. 1) . The enhancement of J, was slightly greater at 15 to 25°C than at 35°C. Most of the effect of ABA on J, was related to changes in Lp (Fig. 1, inset) , with little effect on ion transport (Table I) . In sorghum roots, however, ABA stimulated J, at cool temperatures (25°C or below) and markedly inhibited it at warmer temperatures (Fig. 2) . The result was an ABA-induced shift in the optimum temperature from 35 to 25°C. ABA-induced increases in J, at the cooler temperatures (25°C or below) resulted mostly from enhancement of Lp (Fig. 2, inset) . The marked inhibition of J, by ABA at 35 or 40°C, however, was associated with very small changes in Lp (Fig. 2, inset) but a drastic reduction in ion transport (Table II) .
Two ions, K+ and NO3-, account for 70% of the total ion content of the exudate (1). In sorghum roots at 35°C, ABA decreased J, by 45% (Fig. 2) . The osmotic pressure of the xylem sap decreased by 40%, and [K+] decreased a comparable amount (Table II) . The decrease in [NO3-] was even larger (57%), but this discrepancy is not statistically significant. JK and JNO3 seem to be the major solute fluxes affected by ABA as well as the ones affected by temperature.
The effect of ABA on Ji at high temperature was studied further. In sorghum roots, the K+ supply in the external medium did not affect JK, even at high temperature (1). Withdrawal of external K+ also had only a small effect on the inhibition of JK by ABA at high temperature (Table II) . The results indicate that both high temperature and ABA primarily influenced K+ release into the xylem, rather than K+ uptake, in this species. The data are consistent with the earlier finding that release into the xylem of sorghum is the limiting step in Ji (1) and with other studies of the site of action of ABA (8, 9, 21, 24 (Fig. 2, Table II ). In contrast, ABA promoted Lp in barley, and this response was little affected by temperature over a wide range (Fig. 1 Removing external K+ from sorghum roots did not affect Ji at high temperature, indicating that the critical step was ion release to the xylem rather than uptake from external sources (1) . Similarly, ABA primarily affected ion release to the xylem (Table II) , because removal of external K+ decreased flux relatively little.
Much discussion has centered on the role of endodermal cell membranes in determining L4 (1 1, 15, 25) . However, ion release to the xylem probably involves transport from the xylem parenchyma cells (12, 18, 19) . The dual effects of ABA on Lp and Ji (Table II) (5, 8, 10, 24) , whereas the higher concentrations tend to inhibit it (7, 16, 21) . Our results fall into the former category, except with sorghum roots at high temperatures (Fig. 2) . Especially at extreme temperatures that reduce J,, estimates of apparent ABA dose absorbed by the roots (J, x time x ABA concentration) correspond to amounts reported to occur naturally in water-stressed roots (6) and even in unstressed roots (2) . In many respects, our findings are consistent with earlier reports (5, 20) indicating an influence of temperature on ABA effects, albeit that influence is limited to sorghum in the temperature range studied. There are several possible explanations for the divergent responses of these barley and sorghum seedlings to ABA. For example, the seedlings of the two species used in these experiments were of slightly different ages. Root L4 declines with increasing plant age (23) , but factors determining the rate of decline are unknown. The ABA dose-response curve for the two species may also differ. As explained above, however, the apparent dose of ABA to which roots were exposed was less at high temperatures than at moderate temperatures. For this reason, the inhibition of Ji in sorghum is unlikely to result simply from "unphysiological" overdoses of ABA 
